1. Introduction {#s0005}
===============

Early onset Alzheimer\'s disease (EOAD) and behavioural variant frontotemporal dementia (bvFTD) are the most common types of presenile neurodegenerative dementia (*i.e.*, age at onset of 65 years of younger) ([@bb0265]). Compared to the typical episodic memory dysfunction of late onset AD (LOAD), EOAD patients show a constellation of multi-domain deficits at presentation which can include memory, but also language, executive, visuospatial abnormalities and behavioural disturbances similar to those manifested by bvFTD cases ([@bb0330]). BvFTD typically presents with marked changes in personality, such as socially inappropriate and impulsive behavior, diminished social interest and apathy, and with a cognitive profile characterized by executive dysfunctions, such as impairment in problem solving and inhibitory control ([@bb0285]). However, bvFTD can have a very heterogeneous presentation with some patients presenting with difficulties in memory recall or in visuospatial abilities ([@bb0280]).

Although clinical criteria have the potential to increase diagnostic accuracy ([@bb0230]), the frequent overlap of clinical symptoms associated with EOAD and bvFTD poses serious problems in the differential diagnosis with the consequence that they are frequently misdiagnosed, even in the most expert centers. A number of studies showed that several path-proven AD patients received *in vita* a diagnosis of bvFTD, or vice versa, with the majority of misclassified cases having an early age of onset and/or neuropsychiatric symptoms ([@bb0010], [@bb0170], [@bb0235], [@bb0275], [@bb0285]). In these cases, the current amyloid markers can be helpful ([@bb0175]). However, they are not always available in the clinical practice due to the high costs of the procedures. In addition, when present and positive, they might not reflect the primary underneath pathology ([@bb0065], [@bb0310]). Thus, there is a strong need for additional markers of brain changes associated with the two types of neurodegenerative disorder. Among the most available instrumental tools, magnetic resonance imaging (MRI) is promising in detecting structural and functional brain differences between these two patient populations.

Volumetric and cortical thickness studies have shown a prevalent involvement of posterior parietal regions in EOAD and of anterior fronto-insular-striatal areas in bvFTD ([@bb0095], [@bb0275]). A number of studies reported a greater white matter (WM) involvement in bvFTD compared to EOAD ([@bb0210], [@bb0215], [@bb0225], [@bb0245], [@bb0400], [@bb0395]). Finally, resting state functional MRI (RS fMRI) studies observed a divergent pattern of altered functional connectivity in the default mode network (DMN) and salience network comparing EOAD and bvFTD patients ([@bb0115], [@bb0405]).

The aims of this multiparametric MRI study were to explore whether an approach combining structural (cortical thickness and WM microstructure) and functional (RS fMRI connectivity) brain imaging can be useful in differentiating EOAD and bvFTD *in vivo* and to identify which MRI metrics are the best predictors of clinical diagnosis at the individual subject level. If successful, this approach has the potential to be powerful also when applied to rare AD conditions, such as the frontal variant of AD ([@bb0190]), which mimic the bvFTD, in terms of frontal lobe functioning, due to the an unusually high degree of frontal tangle pathology at autopsy.

2. Methods {#s0010}
==========

2.1. Participants {#s0015}
-----------------

Sixty-two patients with a diagnosis of probable AD ([@bb0220]) and age of onset \< 65 years, 27 patients with a diagnosis of bvFTD ([@bb0285]) and matched with AD cases for age at onset and disease duration, and 48 age-matched healthy controls were recruited consecutively at the Clinic of Neurology, Faculty of Medicine, University of Belgrade, Serbia. According to established criteria ([@bb0220], [@bb0285]), the patient diagnoses were based on a comprehensive evaluation including clinical history, neurological examination, and neuropsychological testing. An experienced neurologist blinded to the MRI results performed clinical assessments. Eligibility criteria included: no family history of dementia; no significant medical illnesses or substance abuse that could interfere with cognitive functioning; any other major systemic, psychiatric or neurological illnesses; and absence of other causes of focal or diffuse brain damage, including lacunae and extensive cerebrovascular disease at routine MRI. When available, clinical diagnoses were confirmed by 18F-2-fluoro-2-deoxy-[d]{.smallcaps}-glucose positron emission tomography (38 EOAD and 24 bvFTD patients) and/or cerebrospinal fluid (CSF) biomarkers (24 EOAD and 9 bvFTD patients). Atypical focal presentations of AD (*i.e.*, logopenic variant of primary progressive aphasia and posterior cortical atrophy) were not included. Healthy controls with no history of neurologic, psychiatric or other major medical illnesses were recruited among friends and spouses of patients and by word of mouth. This prospective study was approved by the Local Ethical Committee on human studies and written informed consent from all subjects (or their legal guardians) was obtained prior to their enrolment.

2.2. Neuropsychological assessment {#s0020}
----------------------------------

Neuropsychological and behavioural evaluations were completed within 48 h of MRI by an experienced neuropsychologist, who was unaware of the MRI data. The assessment evaluated global cognition with the Mini-Mental State Examination ([@bb0130]), the Addenbrooke\'s Cognitive Examination-revised (ACE-R) ([@bb0240]), and the Frontal Assessment Battery ([@bb0100]). Memory was investigated with the Rey Auditory Verbal Learning Task ([@bb0190]), the Free and Cue Selective Reminding Test ([@bb0160]), the Wechsler Memory Scale ([@bb0380]), and the digit span forward ([@bb0380]). The phonemic ([@bb0030]) and the semantic fluencies ([@bb0195]), the digit span backward ([@bb0380]), the digit ordering test (maximal span) ([@bb0070]), the digit symbol ([@bb0380]), and the Stroop test (correct answers) ([@bb0300]) were used to test executive functions. The language domain was assessed with the Boston Naming Test ([@bb0195]), and the Boston Diagnostic Aphasia Examination ([@bb0195]). The Clock drawing test ([@bb0295]), the Hooper Visual Organization test ([@bb0365]), and the visual spatial sub-test of the ACE-R ([@bb0240]) were chosen to investigate the visuospatial domain. Furthermore, mood was evaluated with the Hamilton Depression Rating Scale ([@bb0360]), the Hamilton Anxiety Rating scale ([@bb0085]), and the Apathy Evaluation Scale ([@bb0260]). Behavioural disturbances were investigated using the Neuropsychiatric Inventory ([@bb0075]) with the patient caregiver.

2.3. MRI acquisition {#s0025}
--------------------

MRI scans were obtained on a 1.5 Tesla Philips Medical System Achieva scanner. The following sequences were acquired: (i) dual-echo turbo spin-echo (repetition time \[TR\] = 3125 ms, echo time \[TE\] = 20/100 ms, echo train length = 6, 44 axial slices, thickness = 3 mm with no gap, matrix size = 256 × 247, field of view \[FOV\] = 240 × 232 mm^2^); (ii) three-dimensional (3D) sagittal T1-weighted Turbo Field Echo (TFE) (frequency direction = anterior-posterior; TR = 7.1 ms, TE = 3.3 ms, inversion time = 1000 ms, flip angle = 8°, matrix size = 256 × 256 × 180 \[inferior-superior, anterior-posterior, left-right\], FOV = 256 × 256 mm^2^); (iii) pulsed gradient SE single shot echo-planar (TR = 6715 ms, TE = 86 ms, flip angle = 90°, matrix size = 112 × 110, FOV = 224 × 220 mm^2^; 50 axial slices, thickness = 2.6 mm with no gap), with diffusion-encoding gradients applied in 65 non-collinear directions, selected as the default in the scanner (b factor = 1000 s/mm^2^; seven averages). The maximum amplitude of the diffusion gradients was 33 mT/m and a multiple channel head coil was used for signal reception; and (iv) gradient-echo (GRE) echo planar imaging (EPI) for RS fMRI (TR = 3000 ms, TE = 35 ms, flip angle = 90°, matrix size = 128 × 128, FOV = 240 × 240 mm^2^; slice thickness = 4 mm, 200 sets of 30 contiguous axial slices). Total acquisition time of RS fMRI was about 12 min. During scanning, subjects were instructed to remain motionless and to keep their eyes closed.

2.4. MRI analysis {#s0030}
-----------------

### 2.4.1. Cortical thickness {#s0035}

Cortical reconstruction and estimation of cortical thickness were performed on the 3D T1-weighted TFE images using the FreeSurfer image analysis suite, version 5.3 (<http://surfer.nmr.mgh.harvard.edu>/) ([@bb0125]). After registration to Talairach space and intensity normalization, an automatic skull stripping was performed, which removes extra-cerebral structures, cerebellum and brainstem, by using a hybrid method combining watershed algorithms and deformable surface models. Images were then carefully checked for skull stripping errors, and segmented into grey matter (GM), WM, and CSF. Then, cerebral hemispheres were separated, and subcortical structures divided from cortical components. The WM/GM boundary was tessellated and the surface was deformed following intensity gradients to optimally place WM/GM and GM/CSF borders, thus obtaining the WM and the pial surfaces ([@bb0080]). The results of this segmentation procedure were inspected visually, and if necessary, edited manually by adding control points. Afterwards, surface inflation and registration to a spherical atlas were performed ([@bb0080]) and the cerebral cortex parcellated into 34 regions per hemisphere, based on gyral and sulcal structures, as described by [@bb0090]. Finally, cortical thickness was estimated as the average shortest distance between the WM boundary and the pial surface.

### 2.4.2. WM microstructure {#s0040}

The diffusion-weighted data were skull-stripped using the Brain Extraction Tool implemented in FSLv5.0 (<http://fsl.fmrib.ox.ac.uk/fsl>). Diffusion-weighted images were corrected for distortions caused by eddy currents and movements, using an implementation of the algorithm described in [@bb0290] ([@bb0290]). The diffusion tensor (DT) was estimated on a voxel-by-voxel basis using the DTIfit toolbox, part of the FMRIB Diffusion Toolbox within FSL, in order to obtain fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (axD), and radial diffusivity (radD) maps. To investigate WM microstructure, we first run tract-based spatial statistics (TBSS) in order to provide a voxel-wise overview of the patterns of WM damage in patient groups compared to controls and each other. However, TBSS does not provide continue variables to be used in the classification analysis. On the other hand, the mean tract DT MRI values are optimal for such an approach. Thus, TBSS findings guided the subsequent tractography analysis by driving the selection of tracts of interest involved in EOAD and bvFTD when compared to each other together with spared tracts used as control condition. Details of the preprocessing related to each of these approaches are described in the following paragraphs.

### 2.4.3. TBSS {#s0045}

Tract-based spatial statistics (TBSS) version 1.2 (<http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS>) was used to perform the multi-subject DT MRI analysis ([@bb0325]). FA volumes were aligned to a target image using the following procedure: (i) the FA template in standard space was selected as the target image; (ii) the non-linear transformation that mapped each subject\'s FA to the target image was estimated using the FMRIB\'s Non-linear Image Registration Tool (FNIRT); and (iii) the same transformation was used to move each subject\'s FA to the standard space. A mean FA image was then created by averaging the aligned individual FA images, and thinned to create an FA skeleton representing WM tracts common to all subjects ([@bb0325]). The FA skeleton was thresholded at a value of 0.2 to exclude voxels with low FA values, which are likely to include GM or CSF. Individual FA, MD, axD, and radD data were projected onto the common skeleton.

### 2.4.4. Tractography {#s0050}

Seeds for tractography of the cingulum (split in the anterior cingulum and parahippocampal tract), corpus callosum (CC whole tract, as well as genu, body and splenium), superior longitudinal (SLF), inferior longitudinal (ILF), uncinate fasciculi and corticospinal tract were defined in the Montreal Neurological Institute (MNI) space on the FA template provided by FSL, as previously described ([@bb0060]). Fiber tracking was performed in native DT MRI space using a probabilistic tractography algorithm implemented in FSL (probtrackx), which is based on Bayesian estimation of diffusion parameters (Bedpostx) ([@bb0025]). Fiber tracking was initiated from all voxels within the seed masks in the diffusion space to generate 5000 streamline samples with a step length of 0.5 mm and a curvature threshold of 0.2. Tract maps were then normalized taking into consideration the number of voxels in the seed masks. To this aim, the number of streamlines present in the voxels of the tract maps was divided by the way-total, which corresponds to the total number of streamlines that were not rejected by the exclusion masks. The tract masks obtained were thresholded at a value equal to 40% of the 95th percentile of the distribution of the intensity values of the voxels included in the tract. This normalization procedure allowed to correct for possible differences between tracts due to the different sizes of the starting seeds. In this way, we also excluded the background noise and avoided a too restrictive thresholding when the maximum intensity value was an outlier. Using a "seed" approach, the reconstructions of the tracts of interest were obtained. For each tract, the average FA, MD, axD and radD were calculated in the native space.

### 2.4.5. Resting state functional connectivity {#s0055}

FMRI analysis was performed using FSL (FSLv5.0). Preprocessing was performed using FEAT ([@bb0185], [@bb0320], [@bb0385]) and included: (i) removal of the first four volumes to allow for signal equilibration; (ii) head movement correction by volume-realignment to the middle volume using MCFLIRT: (iii) global 4D mean intensity normalization; and (iv) spatial smoothing (5 mm FWHM). We then applied ICA-AROMA (Independent Component Analysis-based Automatic Removal Of Motion Artifacts) ([@bb0270]) in order to identify those independent components (ICs) representing motion-related artifacts. This method calculates a set of spatial and temporal discriminative features and, according to them, exploits a classification procedure to identify ICs representing motion artifacts. Specifically, these features evaluate the spatial overlaps of each component with the edges of brain and CSF, and the frequency content and the temporal correlation with realignment parameters of the IC time-series. Finally, ICs classified as motion-related were removed from the fMRI dataset by means of linear regression. Resulting fMRI dataset was then high-pass filtered (cut-off frequency of 0.01 Hz) and co-registered to the participant\'s 3D T1-weighted TFE image using affine boundary-based registration as implemented in FLIRT ([@bb0155], [@bb0180]), and subsequently transformed to the MNI152 standard space with 4 mm isotropic resolution using non-linear registration through FNIRT ([@bb0015]). Pre-processed fMRI data, containing 196 time-points for each subject, were temporally concatenated across subjects to create a single 4D dataset. This FMRI dataset was then decomposed into ICs with a free estimation for the number of components using MELODIC (Multivariate Exploratory Linear Optimized Decomposition into Independent Components) ([@bb0020]).

2.5. Statistical analysis {#s0060}
-------------------------

### 2.5.1. Demographic, clinical and cognitive data {#s0065}

Normal distribution assumption was checked by means of Q-Q plot and Shapiro-Wilks and Kolmogorov-Smirnov tests. Group comparisons of continuous variables were performed using ANOVA models, followed by post-hoc pairwise comparisons (SAS Release 9.3, SAS Institute, Cary, NC, USA).

### 2.5.2. Cortical thickness and tractography metrics {#s0070}

Mean cortical thickness and WM tract DT MRI measures were compared between groups using ANOVA models, *p* \< 0.05 false-discovery rate (FDR)-corrected for multiple comparisons.

### 2.5.3. TBSS {#s0075}

TBSS results were assessed using a permutation-based inference tool for nonparametric statistical thresholding ("randomize", part of FSL). FA, MD, axD and radD values within the skeleton were tested between groups using two-sample *t*-tests. The number of permutations was set at 5000. The resulting statistical maps were thresholded at *p* \< 0.05, corrected for multiple comparisons at the cluster level using the threshold-free cluster enhancement (TFCE) option.

### 2.5.4. RS functional connectivity {#s0080}

Between-group analysis of the RS fMRI data was carried out using a dual-regression technique as implemented in FSL ([@bb0120]), an approach that allows to identify subject-specific temporal dynamics and spatial maps that are associated with each group IC map. Among group-IC spatial maps, ICs of interest (sensorimotor, DMN, salience, frontal, fronto-striatal, dorsal attentive, associative and visual networks) were selected by visual inspection based on previous literature ([@bb0315]). Then, dual-regression procedure was performed, which involves: (i) the use of the selected group-IC spatial maps in a linear model fit (spatial regression) against the single subject fMRI data sets, resulting in matrices describing temporal dynamics for each IC and subject; and (ii) the use of these time-course matrices which are entered into a linear model fit (temporal regression) against the associated fMRI data set to estimate subject-specific spatial maps ([@bb0120]). After dual regression, spatial maps of all subjects were collected into single 4D files for each original IC. Nonparametric permutation tests (5000 permutations) were used to detect statistically significant differences between groups within the resting state network (RSN) of interest obtained with MELODIC (the single 4D files for each original IC). Furthermore, analyses were restricted within the spatial RSN of interest using binary masks obtained by thresholding the corresponding Z map image (Z \> 2.3). FWE correction for multiple comparisons was performed, implementing the TFCE method using a significance threshold of *p* \< 0.05.

### 2.5.5. Correlation analysis {#s0085}

In each patient group, correlations between MRI measures (cortical thickness, DT MRI metrics and functional connectivity), cognitive test scores (memory and executive function Z scores) and CSF protein levels (when available) were estimated using Spearman rho coefficient, FDR-corrected for multiple comparisons (SAS Release 9.3).

### 2.5.6. Discrimination analysis {#s0090}

Using R (randomForest, party-packages), a random forest approach ([@bb0035]) was applied to identify the MRI measures that best predict the clinical diagnosis (EOAD *vs* bvFTD). Specifically, the random forest was used to model the relationship between the dichotomous outcome "clinical diagnosis" (EOAD *vs* bvFTD) and the multiple potential predictor variables (*i.e.*, MRI metrics), providing information on variable importance. According to the random forest technique ([@bb0035]), 100.000 trees were built. The training set used to grow each tree is a 0.632 + bootstrap resample of the observations ([@bb0110]). The best split at each node was selected from a random subset of covariates (*i.e.*, MRI metrics). The left-out observations (*i.e.*, "out of bag" observations) were then predicted to obtain the classification error of the considered tree. The goodness of the fit of the random forest was assessed averaging the individual tree classification errors. Furthermore, the random forest framework estimates the importance of a predictor by looking at how much the classification error increases when out of bag data for that variable are permuted while all others are left unchanged. The variables\' importance was ranked by assigning to each covariate a score based on the ability to predict correctly the dependent variable (patient group *vs.* each other) according to the increase of classification error when values of that covariate in a node were permuted randomly. We followed the strategy of [@bb0350]) to avoid possible biases in variable selection: individual classification trees were built using subsampling without replacement and adopting a conditional permutation scheme to compute variable importance in term of mean decrease in accuracy (*i.e.*, each covariate receives a score according to its ability to classify correctly the patient according to the decrease of classification accuracy) ([@bb0355]). Only those variables that were significantly different between patient groups entered the analysis. The random forest was applied to cortical thickness and tractography measures separately and in combination. The diagnostic performance of the best MRI variables according to the random forest was reported using accuracy, sensitivity and specificity.

### 2.5.7. Analysis of a sub-sample of patients with CSF and/or PET diagnostic biomarkers {#s0095}

All the analyses described above were applied to a sub-sample of patients having at least one biomarker, among CSF protein levels and FDG-PET, supporting the diagnosis (47 EOAD: 9 with AD-like CSF pattern; 23 with FDG-PET suggestive of AD; 15 with both CSF and PET AD-like biomarkers; 25 bvFTD: 1 with non-AD CSF pattern; 15 with a FDG-PET suggestive of bvFTD; 9 with both CSF and FDG non-AD biomarkers). All 48 healthy controls were included in this analysis.

3. Results {#s0100}
==========

3.1. Demographic, clinical and cognitive data {#s0105}
---------------------------------------------

EOAD patients showed higher scores at the Clinical Dementia Rating scale and lower at the Basic Activity of Daily Living compared to bvFTD cases ([Table 1](#t0005){ref-type="table"}). In the 33 patients who underwent CSF analysis, β-Amyloid 42 levels were lower and total- and phospho-Tau levels were higher in EOAD relative to bvFTD patients ([Table 1](#t0005){ref-type="table"}). Compared to controls, both groups of patients showed worse performances in all cognitive tests, except for the recognition phase of verbal and visual memory tests where bvFTD patients performed similarly to controls (Table A.1). Relative to controls, all patients showed also higher scores at the apathy questionnaire (Table A.1). EOAD patients had greater deficits than bvFTD in all cognitive tests, while bvFTD patients showed more severe behavioural disturbances relative to EOAD cases according to the caregiver reports (Neuropsychiatric Inventory and interviews; Table A.1). Specifically, bvFTD patients reported higher scores of apathy (*p* \< 0.001), disinhibition (*p* \< 0.001), hyperorality and dietary changes (*p* \< 0.001), irritability (*p* \< 0.001), aberrant motor behavior (*p* \< 0.001), agitation (*p* = 0.004), and euphoria (*p* = 0.004) than EOAD patients.Table 1Demographic and clinical characteristics of patients and healthy controls.Table 1EOADbvFTDHCp EOAD *vs* HCp bvFTD *vs* HCp EOAD *vs* bvFTDN622748Age at MRI, years59.7 ± 4.1 (50--67)57.7 ± 8.1 (39--70)57.4 ± 6.3 (49--70)0.131.000.41Age at onset, years56.2 ± 4.1 (47--65)53.9 ± 8.6 (32--65)------0.19Disease duration, years3.6 ± 1.3 (1--7)3.8 ± 3.0 (1 − 13)------0.76Education, years12.0 ± 2.6 (8--16)12.3 ± 2.8 (4--18)13.3 ± 2.8 (8--18)0.070.491.00Gender, women37 (60%)11 (41%)31 (65%)0.690.060.11CDR1.8 ± 0.8 (1--3)1.3 ± 0.6 (0--2)------\< 0.001CDR, sb12.0 ± 4.9 (5--18)5.6 ± 3.7 (0 − 11)------\< 0.001BADL41.2 ± 18.9 (4--70)57.0 ± 14.7 (4--78)------\< 0.001CSF, Aβ42[\*](#tf1000){ref-type="table-fn"}419 ± 100 (154--556)1091 ± 228 (728--1499)------\< 0.001CSF, T-tau[\*](#tf1000){ref-type="table-fn"}567 ± 274 (83--1289)248 ± 104 (78--380)------\< 0.001CSF, p-tau[\*](#tf1000){ref-type="table-fn"}82 ± 36 (20--156)50 ± 21 (21--80)------0.01[^1][^2]

3.2. Cortical thickness {#s0110}
-----------------------

Compared with controls, bvFTD and EOAD patients showed a widespread pattern of cortical thinning involving all cerebral lobes (Table A.2). Compared to bvFTD, EOAD patients showed cortical thinning of the precuneus, posterior cingulate, superior and inferior parietal, supramarginal, postcentral, and lingual gyri, and lateral occipital cortex bilaterally, and left rostral and caudal middle frontal gyri (Table A.2; [Fig. 1](#f0005){ref-type="fig"}). Compared to EOAD, bvFTD patients showed cortical thinning of the lateral orbitofrontal gyrus and temporal pole bilaterally, right medial orbitofrontal gyrus, and right entorhinal cortex (Table A.2; [Fig. 1](#f0005){ref-type="fig"}).Fig. 1Cortical thickness findings. Patterns of regional cortical thinning of early onset Alzheimer\'s disease (EOAD) patients compared to cases with the behavioural variant of frontotemporal dementia (bvFTD) (blue) and *vice versa* (green). Results are overlaid on the Montreal Neurological Institute standard brain and shown at *p* \< 0.05 False Discovery Rate-corrected for multiple comparisons. R = right; L = left.Fig. 1

3.3. WM microstructure: Tract-based spatial statistics {#s0115}
------------------------------------------------------

Compared with controls, each group of patients showed a widespread pattern of WM damage involving anterior and posterior regions ([Fig. A.1](#f0020){ref-type="graphic"}). Compared with bvFTD patients, EOAD showed higher axD of the splenium of the CC and the right posterior cingulum ([Fig. 2](#f0010){ref-type="fig"}). Compared with EOAD, bvFTD patients showed decreased FA and increased radD of the whole CC (mainly the genu), SLF, ILF and uncinate fasciculi bilaterally, internal and external capsule bilaterally, and left anterior cingulum ([Fig. 2](#f0010){ref-type="fig"}); increased MD of the genu of CC, ILF and uncinate fasciculi bilaterally, and internal and external capsule bilaterally ([Fig. 2](#f0010){ref-type="fig"}); and increased axD of the genu of CC, right uncinate fasciculus, and WM underneath the right lateral orbitofrontal cortex.Fig. 2Diffusion tensor MRI findings. A) Tract-Based Spatial Statistics (TBSS) results in early onset Alzheimer\'s disease (EOAD) patients compared to cases with the behavioural variant of frontotemporal dementia (bvFTD). The significant voxels are magnified for a better view. B) Tractography and TBSS findings in bvFTD patients relative to EOAD cases. TBSS results are shown in red (fractional anisotropy \[FA\], mean diffusivity \[MD\] and axial diffusivity \[axD\]) on the white matter (WM) skeleton (light green) and displayed on the sagittal and axial sections of the Montreal Neurological Institute (MNI) standard brain in neurological convention (*p* \< 0.05 corrected for multiple comparisons at the cluster level using the threshold-free cluster enhancement option). WM tracts showing altered diffusion tensor MRI values are shown in red on the MNI standard brain in neurological convention (*p* \< 0.05, false discovery rate-corrected for multiple comparisons). R = right; L = left.Fig. 2

3.4. WM microstructure: Tractography {#s0120}
------------------------------------

Compared with healthy controls, bvFTD and EOAD patients showed a widespread pattern of WM damage involving all investigated tracts (Table A.3). Compared to EOAD, bvFTD patients showed greater WM damage of the genu of CC, uncinate fasciculus bilaterally, and left SLF (Table A.3; [Fig. 2](#f0010){ref-type="fig"}).

3.5. Resting state functional connectivity {#s0125}
------------------------------------------

Within the DMN, EOAD patients showed reduced functional connectivity of the precunes bilaterally and the right calcarine cortex compared with controls, and the calcarine cortex bilaterally, left posterior cingulate cortex, left precuneus and right cuneus compared with bvFTD patients (Table A.4; [Fig. A.2](#f0025){ref-type="graphic"}). No between-group differences were observed in the other RS networks of interest.

3.6. Correlation analysis {#s0130}
-------------------------

In EOAD patients, positive relationships were observed between executive Z score and fronto-parietal cortical thickness measures, and between memory Z score and the parieto-temporal cortical thickness measures (Table A.5). No other significant correlations were found.

3.7. Discrimination analysis {#s0135}
----------------------------

[Fig. 3](#f0015){ref-type="fig"} shows the results of the random forest analysis for cortical thickness and tractography measures, separately (for each MR modality, the first five MRI variables in terms of importance in classifying diagnosis are provided). Among cortical thickness measures, the highest discrimination ability in distinguishing EOAD and bvFTD patients was achieved by the cortical thickness of the left inferior parietal gyrus, followed by the right temporal pole, left isthmus of cingulum, right inferior parietal gyrus and right precuneus ([Fig. 3](#f0015){ref-type="fig"}). When taken together, all these cortical thickness measures were able to distinguish patients with EOAD from bvFTD with high accuracy, specificity, and sensitivity ([Table 2](#t0010){ref-type="table"}). Among WM tractography measures, the highest discrimination ability in distinguishing the two patient groups was obtained by the right uncinate fasciculus axD, followed by the radD, MD and FA values of the same WM tract, and the genu of the CC FA ([Fig. 3](#f0015){ref-type="fig"}). When taken together, all these WM tractography measures were able to distinguish patients with EOAD from bvFTD with high accuracy and specificity, but low sensitivity ([Table 2](#t0010){ref-type="table"}). A model combining the five best cortical thickness measures and the five best DT MRI measures was able to distinguish patients with EOAD and bvFTD with high accuracy, specificity, and the highest sensitivity ([Table 2](#t0010){ref-type="table"}). When all the best MRI variables entered a random forest analysis, the highest discrimination ability was achieved by the cortical thickness of the left inferior parietal gyrus (Normalized Variable Importance \[NVI\] = 100.0), followed by the right temporal pole (NVI = 82.5), right precuneus (NVI = 75.8), left isthmus of cingulum (NVI = 60.9), and left superior parietal gyrus (NVI = 60.9).Fig. 3Random forest analysis. Normalized variable importance of the five best MRI variables in distinguishing patients with early onset Alzheimer\'s disease (EOAD) and the behavioural variant of frontotemporal dementia (bvFTD), among A) cortical thickness measures (blue: greater cortical thinning in EOAD relative to bvFTD; green: greater cortical thinning in bvFTD relative to EOAD) and B) tractography measures (red; all regions showed greater damage in bvFTD compared to EOAD).Fig. 3Table 2Random Forrest and diagnostic performance of the best MRI variables in distinguishing EOAD and bvFTD patients.Table 2Total sampleSub-sample with biomarker-based diagnosisModelRFModelRFCTNVIAccuracySpecificitySensitivityCTNVIAccuracySpecificitySensitivityL inferior parietal1000.780.760.83L inferior parietal1000.660.720.64R temporal pole96.05------R precuneus57.2------L isthmus cingulate75.83------L isthmus cingulate51.4------R inferior parietal61.96------R inferior parietal18.7------R precuneus61.00------R superior parietal11.0------All 5 CT measures--0.820.800.87All 5 CT measures--0.830.830.80WM tractsWM tractsR uncinate, axD1000.810.960.43R uncinate, radD1000.720.740.67R uncinate, radD98.31------L uncinate, axD84------R uncinate, MD80.48------R uncinate, MD64.6------R uncinate, FA64.20------R uncinate, FA26.8------Genu of CC, FA62.60------R uncinate, axD7.6------All 5 WM tract measures--0.810.890.61All 5 WM tract measures--0.890.920.81All 5 CT + 5 WM tract measures--0.820.760.96All 5 CT + 5 WM tract measures--0.970.900.95CT + WM tractsCT + WM tractsL inferior parietal1000.780.760.83L inferior parietal1000.660.720.64R temporal pole82.5------R precuneus63.0------R precuneus75.8------L isthmus cingulate61.4------L isthmus cingulate60.9------R inferior parietal26.7------L superior parietal60.9------R superior parietal22.4------All 5 measures--0.840.790.81All 5 measures--0.830.830.80[^3]

3.8. Analysis of a sub-sample of patients with CSF and/or PET diagnostic biomarkers {#s0140}
-----------------------------------------------------------------------------------

The patterns of voxel-wise WM damage and resting state functional connectivity well overlapped with those obtained in the entire sample through all comparisons. Compared to bvFTD cases, EOAD patients showed further cortical thinning of the left middle and transverse temporal gyri, left cuneus and precentral gyri. In addition to the results obtained in the entire sample, tractography analysis showed increased axD of the splenium of CC in EOAD relative to bvFTD and increased MD of the genu of CC in the opposite comparison. Random forest analysis in this sub-sample took into account these additional significant variables. The random forest results together with the diagnostic performance of the best MRI classification variables are shown in [Table 2](#t0010){ref-type="table"} in comparison to the data of the entire sample ([Table 2](#t0010){ref-type="table"}). In patients with a biomarker-based diagnosis, specificity and sensitivity of the classification provided by the WM measures increased as well as accuracy and specificity of the combined model (5 cortical thickness + 5 WM best measures; [Table 2](#t0010){ref-type="table"}).

4. Discussion {#s0145}
=============

This multiparametric study builds upon and extends previous studies of MRI patterns to distinguish *in vivo* EOAD and bvFTD patients. The major strengths of our report compared with previous literature are the combination of different MRI modalities to explore the GM and WM damage in these patients, and the application of the random forest analysis ([@bb0035]) to select the most probable MRI *in vivo* predictors of EOAD and bvFTD at an individual patient level.

When compared with controls, both groups of patients showed a severe impairment in all cognitive domains and a similar pattern of brain alterations involving anterior and posterior regions. The direct comparison between patient groups provided syndrome-specific patterns of damage. Compared with bvFTD, EOAD patients showed a prominent cortical damage of parietal and occipital lobes and decreased functional connectivity of the parieto-occipital cortex within the DMN. Compared with EOAD, bvFTD patients showed cortical alterations of orbitofrontal cortex and temporal pole, and a severe pattern of WM damage involving anterior but also posterior WM tracts. The random forest analysis suggested that the left inferior parietal cortical thickness measure and the WM integrity of the right uncinate fasciculus (most affected in EOAD and in bvFTD cases, respectively) were the best predictors of clinical diagnosis. Finally, a model combining the best GM and WM predictors provided high accuracy (0.82) and specificity (0.76), and the highest sensitivity (0.96).

Although EOAD showed a widespread pattern of cognitive and brain alterations, the parietal lobe remains the most affected region relative to bvFTD. Previous studies demonstrated the severe involvement of parietal regions in EOAD investigating cortical and WM damage ([@bb0055], [@bb0050], [@bb0140]), amyloid deposits and glucose hypometabolism ([@bb0255]). This region is implicated in several cognitive domains involved in this condition, such as episodic memory retrieval, spatial and visual construction and in executive functions associated with the parietal projections to the frontal lobes ([@bb0150]). On the contrary, the right temporal pole atrophy, which was more severe in bvFTD patients, well reflects their greater pattern of behavioural disturbances compared to EOAD. In fact, right temporal pole atrophy has been related to changes in personality and socially appropriate behavior, lack of empathy and eating compulsive behavior ([@bb0145]). The few existing studies comparing GM atrophy patterns between AD and bvFTD patients showed precuneus and lateral parietal cortices to be more atrophic in AD, and temporal pole and anterior cingulate more severely damaged in bvFTD ([@bb0095], [@bb0275]). It is noteworthy that the thinning of the medial temporal gyri (MTL) was not able to distinguish the two clinical syndromes since it was present in both groups relative to healthy controls. This finding sustains previous evidence that measures of MTL are good markers to differentiate AD from normals ([@bb0105], [@bb0220]) but are less effective in differentiating AD from bvFTD ([@bb0340]) .

In keeping with previous studies ([@bb0200], [@bb0225], [@bb0245]), frontal WM tract damage was the most accurate WM measure to differentiate bvFTD from AD cases and axD was the best DT MRI metric to support differential diagnosis ([@bb0245]). Specifically, in bvFTD we observed that DT MRI measures of the uncinate fasciculus and genu of the CC were the best WM predictors of the clinical diagnosis relative to EOAD cases. The greater WM involvement in bvFTD compared to AD has been previously suggested by neuroimaging studies ([@bb0210], [@bb0215], [@bb0225], [@bb0245], [@bb0400], [@bb0395]). Taken together with previous findings, our results demonstrated that bvFTD patients have significantly greater WM breakdown in late-myelinating regions reaching the frontal lobe relative to EOAD. Notably, the CC is involved in both patient groups when compared with controls; however, the damage was clearly more prominent in the genu in the bvFTD group and in the splenium in the EOAD group. This finding supports previous atrophy ([@bb0375], [@bb0390]) and DT MRI studies ([@bb0210], [@bb0215], [@bb0225], [@bb0245], [@bb0400], [@bb0395]) suggesting that the regional pattern of callosal damage may distinguish the two neurodegenerative dementia.

DT MRI findings suggest that WM degeneration is more prominent in bvFTD than in AD. Although caution is needed since we do not have pathological-proven diagnosis, different underlying pathology (amyloid, tau, TDP-43) might be responsible for these changes. The greater WM alterations might reflect abundant tau/TDP pathology in glial cells and altered axonal transport in frontotemporal lobar degeneration (FTLD) cases which may ultimately result in axonal degeneration ([@bb0005], [@bb0045], [@bb0040], [@bb0135], [@bb0250], [@bb0410]). The greater spatial extent of WM damage in FTLD might also reflect distal propagation of pathology from primarily involved regions adjacent to GM damage, due for example to pathogeneic protein diffusion ([@bb0165]). The burden of WM degeneration has also been suggested to be different depending on underlying FTLD pathology, being greater in tau relative to TDP-43 cases ([@bb0230]). Several neuroimaging studies reported a more severe WM involvement in FTLD-tau relative to FTLD-TDP cases using atrophy ([@bb0065], [@bb0195], [@bb0345]) or DT MRI measures ([@bb0005], [@bb0230], [@bb0300]). The lack of pathological diagnosis did not allow us to explore the patterns of WM damage in relation to FTLD pathology.

When CSF and FDG PET biomarkers were used to support the clinical diagnosis of EAOD and bvFTD, both specificity and sensitivity increased in the WM model and, likely driven by WM findings, the combined cortical and WM model was the most powerful in terms of accuracy. These findings obtained in patients with a higher diagnostic certainty ([@bb0220], [@bb0285]) support the robustness of our results and their applicability in clinical samples.

EOAD patients showed a reduced functional connectivity in the parietal cortex within the DMN compared to both healthy controls and bvFTD, as previously shown in classical LOAD cases ([@bb0405]). These findings suggest that, regardless the age at disease onset, the reduced functional connectivity in the parietal regions remains a peculiar feature of AD. Compared to LOAD, EOAD patients showed further functional abnormalities in the occipital regions likely reflecting the greater amount of their visuospatial deficits ([@bb0335]). In our EOAD sample, we did not observe altered connectivity in non-DMN networks as suggested by recent studies ([@bb0205]). A possible explanation of this latter finding is that our EOAD patients had a shorter disease duration (3.6 ± 1.3 years) relative to those of the previous study (5.8 ± 3.5 years) ([@bb0205]). Furthermore, unexpectedly, in bvFTD we did not observe a reduced functional connectivity of the anterior regions in the salience network ([@bb0115], [@bb0405]). This discrepancy is unlikely due to the sample clinical features (in all studies, bvFTD cases were similar), but it could be attributed to the 1.5 T MR scanner used in the present work compared with the 3.0 T machines employed in previous studies ([@bb0115], [@bb0405]). While taking full account of these caveats, the lack of functional connectivity changes in bvFTD patients showing severe WM microstructural alterations may suggest that a reduced structural integrity precedes functional alterations ([@bb0305]). However, only longitudinal investigations in larger patient populations can clarify the temporal relationship between structural and functional changes.

When MRI measures were combined, the discrimination analysis showed that GM variables were the best predictors of clinical diagnosis. Previous literature is not consistent in this regard. Some studies that used MRI-based classification models ([@bb0225], [@bb0245]) observed that an approach combining GM and WM measures is the best for the correct classification of patients. On the contrary, one study observed that WM measures (obtained by averaging each DT metric across all the injured WM connections among 116 tract pairs) are the best to correctly classify the patients ([@bb0200]). The discrepancy between previous ([@bb0200], [@bb0225], [@bb0245]) and our study could be due to different clinical populations (in previous studies not all AD patients were EOAD, and/or bvFTD cases were included in a larger, clinically heterogeneous FTD group) ([@bb0200], [@bb0225], [@bb0245]), MRI scanners, type of analyses (*e.g.*, volumetric *vs* cortical thickness), and statistical approach. Our study suggests that when homogeneous populations of bvFTD and EOAD patients in their mild to moderate phase of the disease are studied, GM measures outperformed in providing classification relative to other MRI modalities.

Some methodological shortcomings should be considered when interpreting our data.

An important caveat is that the gold standard in our study was the clinical diagnosis since no pathological confirmation of diagnosis. However, all patients underwent an extensive dementia screening and were evaluated in a multidisciplinary panel including clinicians specialized in dementia. In addition, the clinical diagnosis was biomarker-based according to diagnostic criteria ([@bb0220], [@bb0285]) in \> 80% of patients, thus increasing diagnostic certainty. Also, lack of postmortem evaluation did not allow us to investigate the different patterns of brain damage in bvFTD patients according to the underlying FTLD-tau or FTLD-TDP pathology. Second, we did not include patients with atypical AD such as the frontal variant. Third, unlike MRI, *in vivo* imaging with radioligand PET can provide disease-specific markers of neurodegeneration ([@bb0370]). However, 30% of healthy elderly subjects have significant levels of cortical amyloid deposition ([@bb0295]); the value of tau imaging in differentiating distinct tauopathies as well as the specificity of binding to tau remain largely unresolved; and, to date, radioligands to measure TDP-43 are not yet available. In this context, advanced MRI techniques can contribute to the noninvasive assessment of dementia. Clearly, more effort should be made to provide cut-off values to be applied in single patients, which would allow MRI-based models to be better included in clinical neuroimaging/clinical practice.

5. Conclusions {#s0150}
==============

In conclusion, a multiparametric MRI study is useful to identify brain alterations which are specific to EOAD and bvFTD. A severe cortical involvement is suggestive of EOAD while a prominent WM damage might be indicative of bvFTD. Future studies, including larger clinical populations recruited in the early stage and using harmonized protocols are warranted to confirm the diagnostic contribution of advanced MRI techniques in neurodegenerative dementia.

The following are the supplementary data related to this article.Supplementary TablesImage 1Fig. A.1 legend. Diffusion tensor MRI findings. Tract-Based Spatial Statistics (TBSS) results in (A) early onset Alzheimer\'s disease (EOAD) patients compared to healthy controls; and (B) behavioural frontotemporal dementia (bvFTD) patients compared to healthy controls. Fractional anisotropy is shown in red and mean diffusivity in blue on the white matter skeleton (light green) and displayed on the sagittal and axial sections of the Montreal Neurological Institute (MNI) standard brain in neurological convention (p \< 0.05 corrected for multiple comparisons at the cluster level using the threshold-free cluster enhancement option). R = right; L = left.Fig. A.1 legendFig. A.2 legend. Resting state functional connectivity findings. A) Spatial map of the default mode network (DMN) is shown in cyan on the Montreal Neurological Institute (MNI) standard brain in neurological convention. B) Regions of decreased DMN functional connectivity in early onset Alzheimer\'s disease (EOAD) patients compared to cases with the behavioural variant of frontotemporal dementia (bvFTD). Results are overlaid on the MNI standard brain in neurological convention and shown at p \< 0.05, family-wise error corrected for multiple comparisons (FWE). Colour bar denotes *p* values. R = right; L = left.Fig. A.2 legend
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[^1]: Numbers are mean ± standard deviation (range) or frequencies (%). *P* values refer to ANOVA models, followed by post-hoc pairwise comparisons. Abbreviations: Aβ42 = amyloid β42; BADL = Basic Activity of Daily Living; CDR = Clinical Dementia Rating; CDR, sb = Clinical Dementia Rating, sum of boxes; CSF = cerebrospinal fluid; MRI = Magnetic Resonance Imaging; T-tau = total tau; p-tau = phosphorilated tau.

[^2]: Data available for 24 EOAD (39%) and nine bvFTD (33%). CSF cut off = Aβ42 \< 563.1 ng/L (nanogram/Liter; values below are considered abnormal); T-tau \> 244.7 ng/L and p-tau \> 83.4 ng/L (values above are considered abnormal).

[^3]: Abbreviations: axD = axial diffusivity; AUC = area under the curve; CC = corpus callosum; CT = cortical thickness; FA = fractional anisotropy; L = left; MD = mean diffusivity; NVI: Normalized Variable Importance; R = Right; radD: radial diffusivity; RF = Random Forest; WM = white matter.
